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Introduction
Neutrophil recruitment to the lung represents an important first line of defense against bacterial infections. However, the products of these cells can be toxic to the lung and their recruitment must be carefully regulated to maintain homeostasis. Neutrophilic inflammation is seen following pulmonary exposure to bacteria, bacterial products, or inhaled environmental toxins and can be associated with severe airway disease (1-7).
Inhaled endotoxin, or lipopolysaccharide (LPS) from Gram-negative bacteria causes neutrophilic inflammation, decrements in pulmonary function (8) , and is associated with exacerbations of allergic asthma (9) (10) (11) (12) . Chronic inhalation of LPS can cause chronic airway remodeling that is dependent on the recruitment of neutrophils from the vascular space to the airspace (13) . While, neutrophil recruitment into the airways has evolved as an effective host response to combat bacterial infections, dysregulation of this innate inflammatory response can lead to undesirable tissue injury including both acute lung injury (ALI) and adult respiratory distress syndrome (ARDS) (14) . Despite the clinical importance, the regulation of neutrophil migration remains poorly understood. Understanding the mechanisms that orchestrate neutrophil recruitment into the lung in response to specific environmental toxins and microorganisms might allow us to develop novel therapies to combat pathogens while minimizing tissue damage.
Toll-like receptor 4 (tlr4) is a membrane-associated molecule critical for
LPS-induced cell activation (15-19). Many cell types within the lung express tlr4
and respond to stimulation by LPS (20) . Hematopoietic-derived, tlr4-expressing cells in the lung include macrophages (18) , neutrophils (21) , lymphocytes (22) , and dendritic cells (23) . In addition, non-hematopoietic-derived cells, such as airway epithelia (24) (25) (26) and endothelia (27) both express tlr4, and respond to stimulation by LPS. Recent work by Andoneugui et al suggested that tlr4
expression on endothelial cells is sufficient to sequester neutrophils into the lung following a systemic LPS challenge (27) , but it is not known whether the response to inhaled LPS requires expression of tlr4 on endothelia or a combination of other cell types. Skerrett et al demonstrated that airway epithelia are critical in the response to inhaled LPS (28) . They demonstrated attenuation of lung inflammation by disruption of NFtranslocation in airway epithelia.
Previously, a study by Koay et al suggested that macrophages might be involved in this process. In that study, macrophage-depletion with clodronate abrogates the inflammatory response to intra-tracheal administered LPS (29) (30) .
Unfortunately, many cell types can be affected by clodronate including endothelial cells (31) , so the relative role of lung macrophages remains unclear.
This compound also has additional effects in the lung including; inhibition of matrix metalloproteinases (32, 33) , altered hematopoiesis (34) , and blunted expression of both ICAM-1 and beta(2)-intigrin (35) . Furthermore, because gain of function was not demonstrated in this study (29) , it is possible that macrophages must act in combination with other cell types to facilitate neutrophilic recruitment to the lung. This is seen in an E. coli model of urosepsis, where expression of tlr4 on a combination of both stromal and hematopoietic cells are required for the clearance of whole bacteria (36) . Therefore, it remains unclear which cell type or combination of cell types are required to detect LPS in the airway and initiate the signals required to recruit neutrophils to the airspace.
To address directly whether tlr4 expression in either hematopoietic cells or non-hematopoietic cells is sufficient for the biologic response to inhaled LPS, we generated bone marrow chimeric mice using wild type and tlr4-deficient mice.
Our findings demonstrate a critical role of tlr4 expression on hematopoietic cells and specifically alveolar macrophages for the biologic response to inhaled LPS.
Methods

Inbred Mice
Genetically engineered tlr4 -/-mice provided by Dr. Takeuchi from Osaka University (18) were backcrossed onto a C57BL/6 background for at least eight generations. Experimental protocols were reviewed and approved by the Institutional Animal Care and Use Committee at Duke University Medical Center and carried out in accordance with the standards established by the U.S. Animal
Welfare Acts.
Hematopoietic Cell Transplantation and Adoptive Transfer
To examine the relative importance of tlr4 expression in hematopoietic and non- 
LPS aerosol challenge
LPS was purchased as lyophilized, purified Escherichia coli 0111:B4 (Sigma, St.
Louis, MO). LPS aerosol was generated and monitored as previously described.
We have determined the minimal dosage required to initiate an inflammatory response in the lower respiratory tract similar to that experienced by grain mill workers during a typical 8 hour work day. The mean concentrations of LPS aerosol generated in these experiments was 7.49 ug/m 3 (3.87-11.0 ug/m 
Whole lung lavage and Myeloperoxidase Assay
Whole lung lavage was performed as previously described (19, 37, 38, 41) .
Cell-free lavage supernatants were stored at -70°C. ELISA to evaluate protein concentrations of TNF , IL-1 , and MCP-1 were purchased from R&D Systems 
Airway Physiology
Whole body plethysmography:
Unrestrained whole-body plethysmograpy (Buxco Electronics, Inc; Troy, NY) was conducted (42) (43) (44) and measurements were obtained at baseline and after stimulation with inhaled methacholine (0, 5, 10, and 20 mg/ml) as previously described (37, 41) .
Airway pressure time index (APTI):
Mice were anesthetized with pentobarbital sodium (60 mg/kg) i.p. 
Statistics
Data are expressed as mean ± SEM, and the underlying characteristics of the distribution were evaluated using standard techniques (45) . Significant differences between groups were identified by ANOVA. Individual comparisons between groups were confirmed by the Student's-t test or when appropriate,
Mann-Whitney U test (45) . Statistical calculations were performed using SPSS software (SPSS, Inc; Chicago, IL). A two-tailed P value of less than 0.05 was considered statistically significant. 
Results
Generation
Tlr4-expressing lung structural cells play a minor role in LPS-
Production of pro-inflammatory cytokines and chemokines are dependent on hematopoietic tlr4+/+.
Following stimulation with LPS, many cell types in the lung can produce cytokines and chemokines. These molecules are thought to contribute to neutrophil recruitment and may also contribute to airway hyperreactivity. To determine whether tlr4 expression in hematopoietic or non-hematopoietic cells is required for cytokine production, we measured levels of several different cytokines in the whole lung lavage fluid of LPS-challenged single transplanted mice. Wild type animals and H+/S+ chimeras had much higher levels of proinflammatory cytokines than tlr4-deficient animals and H-/S-mice, respectively (Table 1) . Although C57BL/6(CD45.1) animals demonstrated lower levels of many pro-inflammatory cytokines when compared to C57BL/6(CD45.2), this difference would minimize the reconstitution of cytokine production in the H+/Schimera mice given wild type donor animals were C57BL/6(CD45.1).
Concentrations of cytokines in H+/S-animals were greater than or equal to either wild type control or H+/S+ mice, demonstrating that hematopoietic expression of tlr4 is sufficient to reconstitute these potent mediators of inflammation. By contrast, H-/S+ animals had significant reductions in all measured proinflammatory markers when compared to H+/S+ controls (P<0.01). Interestingly, the concentration of pro-inflammatory cytokines in the H-/S+ group were only barely detectable, even though there were significant numbers of neutrophils in lungs of these mice. Therefore, cytokine production in response to inhaled LPS is even more dependent on hematopoietic expression of tlr4 than is neutrophil recruitment.
Hematopoietic tlr4+/+ is sufficient for the development of airway hyperresponsiveness in response to inhaled LPS.
Although we found hematopoietic-derived tlr4 sufficient for both neutrophil recruitment into the lung and production of pro-inflammatory cytokines, it remained to be determine whether expression of tlr4 in these cells was sufficient for the development of airway hyperreactivity. We therefore measured changes in tracheal pressure of experimental mice after LPS inhalation and methacholine challenge ( Figure 5 ). Wild type animals had significant increases in airway hyperreactivity following inhalation of LPS when compared to tlr4-/-mice (P<0.005). There were no significant differences between irradiated and non- 
Alveolar macrophage expression of tlr4 is sufficient for neutrophil recruitment after exposure to inhaled LPS but not airway hyperreactivity.
The experiments with bone marrow chimeric mice demonstrated that hematopoietic expression of tlr4 was sufficient for neutrophil recruitment, cytokine production, and airway hyperreactivity. However, these experiments were unable to identify the specific hematopoietic cell type whose expression of tlr4 was necessary for the biologic response to inhaled endotoxin. Alveolar macrophages, which are the predominant cell type in the airway of unchallenged mice, were a plausible candidate. To determine whether tlr4 expression in alveolar macrophages was sufficient for the biologic response to LPS, we adoptively transferred tlr4+/+ alveolar macrophages intra-tracheally into tlr4-deficient animals, and then exposed these recipient mice to aerosolized LPS.
Transfer of tlr4 +/+ alveolar macrophages into tlr4-/-mice resulted in a 3.9-fold increase in total cells (P< 0.01) (Figure 6a ) and greater than a 13-fold increase in the number of neutrophils (P< 0.01) (Figure 6b ) when compared to similarly challenged tlr4-/-mice receiving tlr4-/-macrophages. While we did not recruit the same concentration of neutrophils as in wild type controls, this observation demonstrates that expression of tlr4 on alveolar macrophages is sufficient to restore the neutrophilic inflammatory response to inhaled LPS in tlr4-deficient mice. Interestingly, these mice failed to develop LPS induced airway hyperreactivity and were indistinguishable in this regard from tlr4-deficient animals ( Figure 6c ). Furthermore, mice with alveolar macrophage expression of tlr4 alone did not produce significant concentrations of TNF , MIP1 or IL-6, despite their ability to recruit neutrophils into the airspace (Table 2 ). These findings demonstrate that, unlike neutrophil recruitment, the development of airway hyperreactivity and the production of proinflammatory cytokines/chemokines may require interaction with bone marrow derived cells, other than macrophages, that express tlr4.
Discussion
Our findings indicate that expression of tlr4 in hematopoietic cells alone is sufficient to fully reconstitute the biologic response to inhaled LPS, as measured by neutrophil recruitment, cytokine/chemokine production, and airway
hyperreactivity. These findings demonstrate that expression of tlr4 in non-bone While we observed striking differences between the types of cells required dependent on the site of LPS exposure, there is at least one similarity. With either inhaled or systemic LPS exposure, neutrophil migration was independent of neutrophil expression of tlr4 (27) . This is highlighted in both H-/S+ animals where recruited neutrophils are tlr4-deficient and after adoptive transfer of tlr4+/+ macrophages where recruited neutrophils are tlr4-deficient. Although, tlr4-deficient neutrophils can be recruited into the airway, we speculate that neutrophil expression of tlr4 contributes to the production of pro-inflammatory cytokines and airway hyperreactivity in response to inhaled LPS.
Previous studies from our laboratory have demonstrated that inhaled LPS results in the release of cytokines (TNF-and IL-1 ) and chemokines (MIP-2)
produced by inflammatory cells in the lung (50) . In this study, we found that production of these cytokines and chemokines is dependent on the expression of tlr4 on hematopoietic cells and not lung structural cells. We speculate that neutrophil-derived tlr4 plays an important role in the production of proinflammatory cytokines and chemokines for the following reasons. First, it is known that neutrophils both normally express tlr4 and respond avidly to LPS (21) . Second, despite the ability of single transplanted H-/S+ animals to recruit tlr4-deficient neutrophils into the airway, these mice produce nearly undetectable levels of pro-inflammatory cytokines and chemokines. Third, adoptive transfer of macrophages expressing tlr4 alone was also sufficient to recruit tlr4-deficient neutrophils, but the level of cytokines remained similar to tlr4-deficient animals.
Although very low levels of cytokines in each of these groups could result from lower absolute levels of neutrophils in the airway, these observations support the importance of neutrophil expression of tlr4 in the production of pro-inflammatory markers in mouse lungs in response to inhaled LPS.
The biologic mechanisms required for neutrophil recruitment into the lung appear to be independent of those required for the development of airway hyperreactivity. Previously, our group has observed a tlr4-dependent phenotype in mice that is divergent between neutrophilic inflammation and airway hyperreactivity after exposure to ozone (19) . 
